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MicroBooNE Readout Electronics System
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MicroBooNE is the first experiment instrumented with cold
CMOS ASICs

= Analog front end ASIC designed in 180 nm is running in LAr
(~89 K%to achieve optimal signal to noise ratio

wnw £°g

= The MicroBooNE front end readout electronics system was
designed as an integral system, with TPC, signal feed-through
and warm interface electronics

6.0 mm
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MicroBooNE Front End Electronics
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MicroBooNE Front End Elecironics

= 50 cold mother boards (8,256 channels) wer installed on
MicroBooNE TPC in 2013, all channels tested successfully

= The full chain of front-end readout electronics was installed in
cryostat and tested successfully in January 2014

= Detector was moved to experimental hall in June 2014

05/15/2017 H. Chen - MicroBooNE Experience SBND/ProtoDUNE-SP Status 5



MicroBooNE Cold Electronics Temperature
Dependence of Noise in TPC
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Time Dependence of Noise in TPC
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Inherent Input Transistor Noise and Excess
Noise Sources

Noise inherent to gain mechanism in the first transistor of FE ASIC

= Expected ENC ~500 e at 1us t, and 150pF C4

Latter stage noise (from intermediate amplifier and ADC) is
negligible

Excessive Noise Sources
= Low frequency coherent noise from (warm) voltage regulator

- Rip[éle from cathode HV power supply capacitively coupled from cathode to
anode

= Burst (aka “zig-zag”) noise (slide 10)

The first two excess sources exceeded the inherent noise
= Initially they were removed by software filtering
= Subsequently they were made very low-to-negligible by hardware filters

For detailed discussion of MicroBooNE noise see publication, “Noise
%szl;gcterization and Filtering in the MicroBooNE Liquid Argon

* To be submitted to JINST soon
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Low Frequency Noise from Voltage Regulator

= Low frequencly (10 - 30 kHz) coherent noise atfecting groups of channels
simultaneously

= High correlation between channels on MB pairs (1 MB = 48U +48V + 96Y)
on same service-board (SB) with low voltage regulator for ASICs

= New service boards with new voltage regulators to reduce this noise have
been installed in summer 2016

= A correction waveform is constructed on a per sample basis and across sets of
48 contiguous channels to mitigate coherent noise
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Frequency spectrum of new service board test on two signal feed-throughs
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Cathode HV Power Supply Noise

= Series of single frequencies (mosI’EIprominent, 36kHz and 108kHz) were
observed, odd harmonics of 36kHz, which is the fundamental freq. of HV

power supply ripple

= Anode plane is sensitive to even small potential changes at cathode (which is
2.5m away). The induced current waveforms show decreasing amplitude in
successive wire planes, as V-plane is shielded by U-wires & Y-plane is
further shielded by V-wires:

Sample of Correlated Waveforms
U Wires 961 to 1009

15 V Wires 1633 to 1681

10 ‘ Y Wires 1921 to 2017
5 A
O - !. am N ) e —’J‘- ! l )" 1: ; ‘ ‘.
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Time Ticks [500 ns]
= This harmonic noise can be filtered out directly by masking discrete bins in
the frequency domain. This became unnecessary after a second filter pot was
installed in tﬁe HV system in 2016, which made this noise negligible.

20

[ADC]
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200 kHz Burst Noise (aka Zig-Zag Noise)

= This high frequency noise is intermittent, and more prevalent on the
downstream side of the TPC, where the services arelocated.

= It can be clearly seen in the time domain, particularly with short peaking time
= The source has not been conclusively identified

= No mitigation is necessary with nominal 2us peaking time

= This noise can be easily filtered with low-pass offline filter for channels
running at lus peaking time
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150,

100

50

ADC Counts

0

=50

45 usec

| — Chan [8,15,271|

T T—

~19%55

1320 1340 1360 1380 1400

TTTTTTTT

1420 1440

Fourier Transform for Channel [4,12,32] -- Average over 50 events

1400

1200

[
o
o
o

800

FFT Mag. Amplitude
3
S

400

200

— 0.5 usec
— 1.0 usec
— 2.0 usec
— 3.0 usec

J
800 1000

0
0

200 400 600
Freq. kHz

H. Chen - MicroBooNE Experience SBND/ProtoDUNE-SP Status

Time domain

Frequency domain

10



Performance after Hardware Upgrades

= Hardware upgrade has been implemented to mitigate noise from HV
power supply and low voltage regulator in 2016
= A second filter pot was installed in the drift HV system

= New service boards with new voltage regulator were installed

MicroBooNE
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Non-functioning Channels

= There are some channels from FT’s 7-9 with uniformly higher noise E(<x20),
confirmed to be coming from touching wires (V touching U & Y = FE
ASIC inputs in contact with each other)

= These channels can’t be used and can be identified using high RMS
cut to filter out from the data analysis

= There are ~4% non-functioning channels due to FE ASIC start-up issue
= These non—functioninﬁ channels can be filtered out using very low
RMS cut and can be clearly identified using pulser data

= A small number of channels (~20) shows saturation of the FE ASIC due
to wire motion with proper bias settm% of 500pA. This number is much
larger if the bias currentis very low (100pA)

Table 1. Summary of the non-functioning channels for Run 3455 Event 6. A total of ~862 channels are
considered non-functioning. MB stands for front-end motherboard.

# non-functioning channels | Reason
~20 ASIC saturation
96 6 ASICS on one MB not connected to wires
304 19 ASICs due to start-up problem
126 channels sorrounding U-Y shorted wires with 10 noisy channels
287 channels sorrounding U-V shorted wires with 28 noisy channels
36 noisy channels not located near the shorted wires
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Residual Noise Level
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The noise level in terms of ADC is converted to the equivalent noise charge (ENC) as follows:

ENC _ 2000mV . 1 fC y 1 >(«5241e-_18,) e
ADC  4096ADC "~ 14mV "~ 1.2 fC  ADC

(6.1)
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TPC Noise vs. Wire Length

Wire Noise Level in MicroBooNE

« U-Plane —600

3 . V-Plane MicroBooNE. .. -

« Y-Plane

8

Equivalent Noise Charge (electrons)

N
o
o

ADC root mean square

0 100 500 300 400 500
Wire Length (cm)

= ENC after noise filtering is <400 electrons for 85% of channels, in
agreement with the bench tests of FE ASIC

= Measured efficienc; requiring two wire planes with real location of dead
channels is about 97%
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MB Long Term Stability: Average Hit Area
Charge, incl. Argon Purity Variations

Average hit area charge per run vs run number
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ProtoDUNE-SP TPC Readout Electronics

= Front End Electronics System
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SBND and ProtoDUNE-SP Electronics System

= SBND and ProtoDUNE-SP share many common
development of front end readout electronics
= SBND: 11,264 channels vs. ProtoDUNE-SP: 15,360 channels
= Shared development of Cold FE ASIC and ADC ASIC

= The functionality of the FEMB (Front End Mother Board) will be
the same

= Small ditferences in layout are required due to the wire spacing
ditferences and readouts in the two detectors

= FPGA mezzanine has minor difference on connectors due to the choice
of cold cable

= The feed-throughs are similar from an electrical connection point
of view, but different in cold cable interface

= The Warm Interface Electronics is similar with small differences in
the way the timing protocols are handled.

= Both systems have been following the integral design
concept, APA + cold electronics + warm interface

05/15/2017 H. Chen - MicroBooNE Experience SBND/ProtoDUNE-SP Status 18



Integral oo™
APA+CE+WI e[
Board Optical

links

Concept

TPC Flange

ProtoDUNE-SP

. Cold electronics module and its
attachment to the APA frame

X wire
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SBND/ProtoDUNE-SP Electronics Status

= SBND is working on the preliminary design of front-end
electronics system

= Prototype electronics boards are available for lab test and integration
test

= A cold ADC committee chaired by Mike Shaevitz is to advise the
development of cold readout electronics

= Explore different options, including commercial ADC in cold, dual gain
configuration with ASIC ADC etc.

= Conclusion is expected in summer 2017

= ProtoDUNE-SP is working on the production of front-end
electronics system

= PRR in April 37 for mechanical parts and May 3™ for electrical parts
of cold electronics system

= DUNE has a cold electronics task force chaired by Dave Christian to
advise the development of cold readout electronics

= Explore different options of cold ASIC development for DUNE far detector

= An interim report will be presented tomorrow in DUNE collaboration
meeting
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CMOS Cold ASICs Upgrades Implementead

T O O O
T
T

I = FE ASIC

= Built-in 6-bit DAC for calibration pulse
generation

* Built-in analog monitoring output for debug

= Address pole-zero cancellation and drive
capability in buffer-off mode

= Add higher bias current (InA and 5nA) options
and smart reset

\ = Revise BGR start-up circuit and increase ESD

wur /g

6.0 mm

protection on I/O

u = ADC ASIC

= Implement COLDATA compatible interface and
FE ASIC compatible configtiration

= Address the early saturation and roll-back

= Implement power-on default configuration and
extend soft-control functions

= Revise BGR start-up circuit and increase ESD
protection on I/O

= Improve ADC INL/DNL -> not completely
resolved ) ’

w9
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SBND/ProtoDUNE-SP Front End Electronics

SBND cold y
Cable to flange™

SEP socket
and JTAG

Flange Board WIB
Power & Timing
Card (PTC) — X
Purging Port : 7 Al
- ‘ !

Power & Timing

Compression Plate Backplane (PTB)

\

4” CF

Warm Interface -
Electronics Crate
w | (WIEC)

Warm Interface
Boards (WIB)

Cable“ straln l \
fehef bars
(%

Flange 8x SHV Connectors

PP Indium seal Signal Feedthrough+WI Assembly
2

05152017 Cold Cable Chen - MicroBooNE Experience SBND/ProtoDUNE-SP Status



SBND Intfegration Test

BNL
Nevis

o ® Two successful integration tests
have been carried out

= First integration test of SBND full

=l © R readout chain took place at Nevis

5 labs on Sept 22nd

5 = Successful data flow from FEMB -2
o WIB = FEM - Ctrl > DAQ PC
et = Stable optical link was established

controller (no XMIT used) oAG PC be tweeanIB and FEM
Oniine Mon PC : " = (Calibration data was acquired and
™ displayed on DAQ PC s%ccessfully

= Second integration test of SBND
full readout chain took place at
Nevis labs on Nov 18

0 nchronous readout from FEMB =
IB 2 FEM - Ctrl 2 DAQ PC has

been established

0 Timiné distribution Clock/Calib =

MBB = PTC - PTB - WIB - FEMB
has been exercised successfully
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Integration Test Stand

= Fermilab = Cold box to house ProtoDUNE-SP
= RF shielded room with isolation APA and readout electronics
transformer = Full electronics chain test at LN2
temperature
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BNL Cold Integration Test Stand

SW1 --> OFF

3 {: O0V(GND)
~110V
+12V
WIENER PS
Safety ground

1

P
T lw

cl!

: Ethemet cable
/RN

Cold Box

Optical SW

Optical fibers

PTB

B
|
M—

e Faraday cage

| Adapter Board

——LVPS (+)
——LVPS ()

40% APA

= Safety ground

FTl Flange board

7 meter power cable & miniSAS cable

= Full electronics chain test at LN2 temperature

Crate

Cs

= Following grounding and isolation rules for ProtoDUNE-SP

05/15/2017
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BNL Cold Integration Test Stand

Feed-through+WIB
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APA Size Comparison

40% APA

05/15/2017

35ton APA

= DUNE APA

= 6m X 2.3m

= 40% APA~
= 28mx1.0m ~2.8m?2

= 40% of original LBNE
APA of 7m x 2.5m

= ~45% of DUNE APA
= 35ton has 3 sizes of APA

—

= 2m x 0.5m
= 1.2m x 0.5m - ~ 3m?
= 0.8m x 0.5m |

= SBND APA

= 4m x 2.5m
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40% APA at RT: Preliminary Test Results

ENC

$000 o~

B 89S +/- 58 876 +/4 75 959 +/- B9 1031 +/- 100
2500 b U 1026 +/- 45 955 +/- 44 993 +/- 67 1060 +/- 91 |

| v 1027 +/- 38 977 +/- 64 995 +/- 117 1066 +/- 116
:-r.-:r_n;

40% APA, Y=2.8m, U=4m, V=4m

I?J‘.f_l;

—

Dk
00 05 10 15 2.0 25 10 15 a0

Peaking ‘tihe [ (ps)
= Integration test at BNL is ongoing, more tests will be carried out in
coming weeks

= Preliminary test results are promising

= ENC at Room Temperature

= Collection plane is ~880 e and induction plane ~980 e at 1us peaking time
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40% APA in LN2: Preliminary Test Results

ENC

J000 r
| 414 +/- 48 368 +/< 43 368 +/- 60 386 +/- 72

2500} U 687 +/- 64 499 +/- 47 485 +/- 70 513 +/- 64 ]
| V 586 +/- 32 494 +/- 43 468 +/- 40 487 +/- 44

2000

40% APA, Y=2.8m, U=4m, V=4m

1000 §

— _ :—_-’: i_ - _'—%

00 05 10 15 2.0 25 30 15 a0
Peaking time [/ (ps)

= Integration test at BNL is ongoing, more tests will be carried out in
coming weeks

= Preliminary test results are promising

= ENC at LN2 Temperature

= Collection plane is ~370 e and induction plane ~500 e at 1us peaking time
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ENC /e

407% APA In LN2: Preliminary Test Results

ENC

414 +/- 48 368 +/< 43

Power Cable Shielding Test

3000 ¢

ENC
Y 426 +/- 44 169 +/« 39 167 +/- 53 88 +/- 65
2s00) U 735 4/- 66 498 +/- 43 468 +/- 43 503 4/- 54
V! 611 +/- 42 484 +/- 41 464 +/- 38 182
«|  Shielded PS cable
o e —

Peaking time { (ps)

= Test different power cable configurations, shielded and unshielded

= S. Shenfeld, “Magnetic Fields of Twisted-Wire Pairs”, IEEE Transactions on

= Magnetic field will be attenuated by ~100dB with distance of 10cm from the

= Plan to proceed with unshielded power cable for ProtoDUNE-SP

ft_:_:-i"—'-’-x F O
— 3 .
= No obvious difference is identified
= This is consistent with what is described in the literature
EMC, Vol. EMC-11, No. 4, Nov 1969
twisted-wire pair
05/15/2017
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Summary

= MicroBooNE is the first running experiment instrumented
with CMOS cold electronics

= The readout electronics is designed as an integral system, with TPC,
signal feed-through and warm interface electronics

= Excellent noise performance (~400e°), as for the FE ASIC on the bench,
has been achieved after understanding and addressing several excess
noise sources

= Full cold readout chain with CMQOS ASICs and FPGA will be
used to instrument the SBND and ProtoDUNE-SP LAr TPCs

= Anecessary (but not sufficient!) condition to achieve a good
performance: An integral design concept of APA+CE+Feed-through,
and Warm Interface Electronics with local diagnostics and strict
isolation and grounding rules will have to be followed. The design of
the feed-through with WIB in a Faraday Cage is essential.

= Different integration tests at BNL, Fermilab and CERN are being used
to characterize the system performance with APA.
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FE + ADC ASIC Evaluation for ProtoDUNE-SP
= P2 FE + P1 ADC Test

Waveform plot with different injected pulse

4000

3500 Liquid Nitrogen
gain=14mV/fC

peaking time=2us
3000 |-

2500 (-

Amplitude /ADC bin

2000

1500 -

1000

500

Time /us

10

12

Area of waveform

Peak and areagchargeE linearity test of
an in LN2

Same FE channel is used to test 16
ADC channels

Both peak and area measurements
show reasonable non-linearity (< 0.5%)

FE 14mV/{C, 2us tp + ADC ZMSpS
= Peak INL: 0.274+/- 0.050%
= Area INL: 0.254 +/- 0.070%

Area plot
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05/15/2017 H. Chen - MicroBooNE Experience SBND/ProtoDUNE-SP Status 33



Summary comments on HNS in 35 fon

= The HNS, while high (~4fC), is still in the linear region and in the lower part of
the dynamic range of the TPC readout (~100£C).

= The linearity of the readout response was confirmed by checking that the injected
(calibration) pulser signal response was the same during the HNS as in normal
operation. This rules out an oscillation in the readout chain.

= The coupling (magnetic or electrostatic) between the wire planes of different
APAs, or from FEBs to the wire planes, is too weak to sustain an oscillation
involving several APAs or any “collective oscillation” (verified by calculations).

= APA1 with ~400+ working channels shows ENC as low as ~700 e, which could
not be the case if an oscillation were present.

= To be complete, some components of CE showed performance deficiencies (e.g.,
voltage regulator noise, ADC differential nonlinearity). None of those
contributed to HNS, nor prevented readout functioning, some of which was for
the first time (digital readout via FPGAs, which functioned through all the tests).

All observations point to marginal conditions of HNS, where the overall system
instability involved the power supply and cabling system. The grounding
guidelines (such as in MicroBooNE) were not followed, and the feedthrough
was assembled without Faraday cage, making a posteriori diagnostics very

difficult.
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